The increasing costs associated with water supply and the disposal of wastewater has stimulated industries to seek more efficient water management systems. Mathematical modelling and simulation can be a very valuable tool for the study of the multiple alternatives available whilst assessing optimum solutions for water management in industry. This study introduces a new steady state model library able to reproduce industrial water circuits. It has been implemented in a novel software framework for the representation, simulation and optimization of industrial water networks.
INTRODUCTION
In major water-consuming industries such as paper, food and textiles it is often noted that water is used in a less than efficient manner. In recent years, the rising costs associated with the water supply and disposal has motivated industries to seek more efficient water management approaches. The availability of alternative water sources such as reclaimed municipal wastewater or recycled process water can encourage more efficient water use practices that translate into significant cost savings for many industries (Lens et al. ) .
Finding optimum solutions for reusing water in a water circuit is not a straightforward task as there is a high number of advanced wastewater treatment technologies present in the market and multiple choices of reusing water within a plant. In this context, mathematical modelling and simulation can be a very valuable tool for assessing different alternatives and for seeking optimum solutions taking into account economic and environmental impacts. Over the last decade, industrial water network optimization studies have been performed using different tools that can be categorized as: (i) spreadsheets (e.g. Excel); (ii) Water Pinch Analysis (WPA) software (Manan & Alwi ) ; or (iii) process simulators (e.g. WinGEMS, IDEAS, WEST …). Each of these tools has its own particular advantages and disadvantages. Spreadsheets do not support graphical water network representations, but allow their simulation and optimization based on models that mimic reality. Tools based on WPA offer powerful optimization capabilities, albeit only on the basis of simplified linear models, which often do not mimic reality correctly. Finally, process simulators have strong visualization and simulation capabilities, however, they typically lack optimization features. Based on this finding one of the goals of the AquaFitForUse project (www.aquafit4use.eu) is the development of mathematical models and simulation tools that allow the industrial users to explore water reuse options in their plants. In this scope, a new software tool, named Water Quality Management Tool (WQMT), is being developed for the representation, simulation and optimization of water networks in paper, food, textile and chemical industries (Claeys et al. ) .
This paper introduces a new library of steady-state mathematical models able to reproduce a set of traditional and innovative wastewater treatment technologies. These were implemented in the WQMT, and their capability to reproduce industrial water circuits in paper and food sectors was analysed. The current and alternative scenarios were compared for a paper mill case study with the aim of showing the scope of the mathematical models developed to evaluate the optimum scenario for minimum economical cost in an industry.
INTRODUCTION TO THE MATHEMATICAL MODEL LIBRARY
A mathematical model library that reproduces the most relevant wastewater treatment technologies available in the market was developed (Table 1) . These models are steady state, based on the operational variables widely used in engineering (i.e. Hydraulic Retention Time, HRT, Solid Retention Time, SRT, etc.) . Due to the need of reproducing water networks as a whole, an integrated modelling methodology was used for the construction of these models in a standardized way based on three principles: (i) definition of a common state vector to guarantee mass and thermal energy continuity and enable an easy connection among different technologies. The components considered within the vector are those necessary to describe the relevant compounds in paper, food and textile industries (Table 2) ; (ii) next to mass and thermal energy balances, all the unit process models include investment and operational costs equations as functions of operational variables (i.e. treated flow, organic load or chemical additive requirements) that will allow the estimation of the total exploitation cost of the water network and (iii) finally, upper and lower bounds of the components are fixed to ensure water quality for machinery requirements, product quality, workers safety and legislation limits. This way a specific technology will not be allowed to be used in water streams with concentrations out of the bounds specified for that technology. Models representing biological treatments describe the organic matter removal under different environmental conditions and for different configurations, depending on HRT, SRT and specific stoichiometric and kinetic parameters. The activated sludge unit (ASU) is based on the model proposed by Marais & Ekama () ( Table 3 ). The other biological models are variations of the ASU model with differences in mass transport definition ( Figure 1 ) and some cost parameter values.
As an example, the adaptation of the model proposed by Marais & Ekama () (Table 3) to the MBBR configuration presented in Figure 1 results in the model presented in Table 4 .
In the UASB model, biological sulphate and organic matter removal are modelled under anaerobic conditions in the biological tank, and the same mass transport configuration as for the ASU has been considered (Lizarralde et al. ) . For all the unit processes described above, the investment and operational costs have been related to the organic load to be treated (Henze et al. ) . The cost parameter values proposed are the results of fitting the curve to the treatment prices proposed by a particular provider.
The solid-liquid separation treatments are considered as ideal splitters. The separation is characterized by two general parameters: the fraction of inflow recovered and the fraction of solids removed. The settler model describes the solid separation by the fraction of non-settleable suspended matter. In the dissolved air flotation unit (DAF) model, the solid separation is described by the fraction of floated particles, which depends on the air flow applied to the process. Membrane separation units (Flexible Fibre Filter module (3FM), microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO)) models describe the solid retention as a percentage of solids retained by the membrane, as a function of the membrane pore size. In the case of RO, scaling likelihood and antiscalant usage are measured. The investment and operational cost of the solid-liquid separation treatments are in general proportional to the flow treated. The operational costs considered are related to pumping energy but also to antiscalant dosage in the case of RO (Purchas ), using data from a specific provider to adjust the model parameter values. Taking into account the features explained above, the model for the DAF unit is presented in Table 5 . Four different chemical treatments are considered in the mathematical model library built for this work. The advanced oxidation process (AOP) model describes the transformation of a fraction of inert organic matter into biodegradable organic matter depending on the dosage of the oxidizing agent used. The disinfection unit models (O 3 , Cl 2 and UV) reproduce the pathogen removal as a function of the HRT, the disinfectant used and the operating conditions such as temperature and pH based on Chick's law (Asano et al. ) . The coagulation unit model describes the fraction of colloidal and dissolved matter that coagulates depending on the quantity of coagulant added to the process. Finally the Filtration Assisted Crystallization Technology (FACT) is modelled. FACT achieves hardness removal as a hybrid process combining precipitation and filtration. Precipitation is modelled based on the prediction of saturation of dissolution and the filtration is described as a fraction of crystals retained by the membrane. The investment costs of all the processes are proportional to the treated water flow, whilst operational costs are described as a function of the water flow and chemical agent dosage (Henze et al. , ) .
The mathematical model library described above has been implemented in the WQMT. Models implemented in this tool allow the assessment by simulation of different water network configurations and finding optimum 
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DESIGN OF THE OBJECTIVE FUNCTION FOR WATER NETWORK COST OPTIMIZATION
The comparison of the alternative scenarios is carried out in terms of an objective function specifically defined for this work. The objective function takes into account the investment costs of the new treatments added to the network, operational costs of the operating devices, the cost associated with sludge production and the cost of fresh water consumption. The general equation of the objective function was defined as follows: 
CASE STUDY: ASSESSMENT OF THE OPTIMUM SOLUTION FOR THE HOLMEN PAPER MADRID WATER NETWORK
The objective of this study is to check the capability of the model library to reproduce real water circuits and the capability of assessing optimum water networks using the WQMT. Using the model library presented above, a simulation model was constructed to reproduce the real water network in Holmen Paper Madrid (www.holmenpaper.com).
Description of the case study
Holmen Paper Madrid a user of approximately 10,000 m 3 of fresh water per day no longer regards water as a consumable or utility but as a highly valuable asset. Rather than discharge, the study of different scenarios in which wastewater is treated and internally reused to the municipal WWTP, it is a high priority for the mill itself.
The case study (Figure 2) includes four specific parts of paper production (Drum Pulper, Loop 1, Loop 2 and a Paper Machine), a heat exchanger, cooling tower, three DAFs and one thickener and finally the wastewater treatment plant existing in the mill (four MBBRs and one DAF). The internal circuit of the production line is closed, minimizing water consumption in the drum pulper, loop 1 and loop 2 (Blanco et al. ) . Therefore, the only point at which water consumption can be reduced is the paper machine. There, water is spread in showers and it may be in contact with personnel, this factor is the reason why workers safety is the most demanding limitation for water quality for reuse. Moreover, conductivity has to be lower than 500 μS/cm and solids free. The point from which water can be withdrawn is the effluent of the WWTP, but further treatments are needed to meet the quality requirements. The points from 1 to 14 marked in the water network are the sampling points (SP) at which experimental data are available. Data corresponding to the real plant have been provided by Holmen Paper Madrid and Complutense University of Madrid.
Modelling and verification of the existing water network
The model of the water network that describes the Holmen Paper water circuit was implemented in the WQMT and experimentally verified. The model has been constructed based on the mathematical model library introduced in this article and additional models that describe the processes of the production line in a paper mill ('black box' models where the outflows are expressed as function of water inflow and operational parameters). The experimental verification was done by monitoring throughout the whole circuit the following measurements: soluble chemical oxygen demand (COD), total suspended solids (TSS), sulphates and temperature. In order to fit these variables the model parameters need to be adjusted.
For the MBBR the stoichiometric, kinetic and operational parameters have been adopted from literature as shown in Table 4 . Using these values the simulation results have been satisfactory regarding soluble COD and TSS in the WWTP effluent. Default values for the DAF model parameters are taken from literature (Table 5 ). However in this study the values of the air to solids ratio in each DAF have been adjusted to reproduce correctly the TSS at each point of the water network. The gravity table was designed as an ideal splitter and adjusted to reproduce the removal of TSS. The heat exchanger is modelled to calculate the fresh water required to cool the water going to the WWTP to a certain temperature. The processes of the production line were designed specifically for this case study, and all the model parameters were estimated to fix simulated data to the experimental data available in terms of the four measurements monitored. Figure 3 shows that the simulation reproduces soluble COD and TSS throughout the circuit reasonably well. However, there is a mismatch regarding soluble COD between experimental and simulated data after the gravity table. In experimental data it is seen that there is an increase in soluble COD in contrast to simulated data in the clarified outflow of the gravity table (SP10) possibly caused by the partial solubilization of the particulate matter in the gravity table. This error is transmitted to SP 11, the outflow of the DAF as it can be noticed that the difference between experimental and simulated data in SP 10 and 11 is similar.
In Figure 4 it can be seen that, in general, the model is able to reproduce the water network behaviour in terms of sulphates and temperature. In the case of the sulphates there is a difference in the simulated and experimental data in SP 10, the outflow of the gravity table. This reduction in the real network could be explained by precipitation of sulphates in the thickener. However, the model considers the thickener as an ideal splitter and therefore does not predict precipitation. This error is again propagated to the outflow of the DAF. There are no experimental data available for sulphates in the wastewater treatment plant. Based on these results, it can be said that the model is able to reproduce reasonably well the water network in the paper mill. Although it does not reproduce some effects happening in the gravity table, it must be pointed out that the overall objective of the model library presented is to make a first approach to assess how the economical cost of the mill could be reduced and not to accurately reproduce the process performance. If more detailed studies were required, models could be enhanced by considering for instance partial solubilization of the particulates or precipitation of sulphates.
Optimization by exploration of the water network
Once the capability of the model to reproduce the real circuit was checked, three different alternative scenarios for water reuse were compared: (i) the first scenario studied is the existing plant, discharging the effluent to the municipal WWTP; (ii) the second scenario incorporates a completely new wastewater treatment plant including a UASB reactor, where COD and sulphates are biologically removed, an MBR to remove COD that could not be removed under anaerobic conditions and an evapoconcentrator to remove ions and possible pathogens present in the wastewater. The outflow of the evapoconcentrator meets the quality requirements so that it can be considered as an alternative water source for the paper machine; and (iii) the third scenario is a modification of the second scenario where the evapoconcentrator is substituted by a RO membrane to reduce conductivity and a disinfection unit to remove pathogens. The outflow of the disinfection unit meets the quality requirements of the paper machine and it can be considered as an alternative water source ( Figure 5 ).
The three scenarios were implemented in the WQMT and a grid based exploration of the parameters has been carried out. A set of 1,295 simulations were run by different combinations of the three scenarios and by changing the fractions of water to be discharged and reused in each of the combinations. All the fractions of water considered have a discrete uniform distribution ranging from 0 to 1 with a spacing of 0.2. 
